ABSTRACT This paper proposes robust formation control laws for uncertain multiagent systems subjected to an unknown control direction and disturbances under the assumption that information about the reference trajectory is only available to some of the agents. Different from the existing results, the proposed control algorithms can enable the agents to converge to the specified points utilizing only local relative measurements, in which no control direction information and upper bounds of external uncertainties are required. To simplify and facilitate the analysis, external disturbances are roughly divided into structured and unstructured uncertainties. To attenuate the errors caused by the structured uncertainties, an adaptive control technique is applied to obtain the estimates of the unknown constant coefficients, and compensating functions with learning ability are developed to eliminate the errors caused by the unstructured uncertainties. A Nussbaum-type function is employed to settle the formation control problem in the presence of unknown signs of the control direction. Formation stability analysis for uncertain nonlinear multiagent systems is performed according to the Lyapunov stability theory. It is proved that the formation errors are bounded within a small desired accuracy by implementing the proposed robust control laws, and the desired formation is then achieved. Finally, two illustrative examples are presented to support the obtained theoretical results.
I. INTRODUCTION
In recent years, formation control for multiagent systems has received considerable research attention due to its advantageous potential in many practical application areas, such as military and civilian areas [1] - [8] . These systems can be applied in unmanned aerial vehicles, search and rescue operations, sensor network localization, and satellite clusters, which are widely reported in the literature [9] - [19] . Formation control aims to drive the agents to achieve and maintain the specified formation defined by the local relative measurements, such as, relative distances, relative positions, and relative bearings [20] - [24] .
It is assumed that only a portion of agents have access to information from the reference trajectory. To achieve the The associate editor coordinating the review of this manuscript and approving it for publication was Xudong Zhao. desired formation, a distributed controller for each agent is devised by the feedback coordination control scheme. Although the desired formation can be achieved by the agents, it can be easily broken when a multiagent system encounters different kinds of disturbances, such as saturated inputs constrained by actuators, dead-zones, and other nonlinearities. To this end, robust adaptive control approaches are employed. To characterize the disturbances, two types of uncertainties are considered: structured and unstructured uncertainties, without a loss of generality and for illustration purposes. The structured uncertainties can be generally described by the product of the unknown constant parameters and the known bounded function, which are also referred to as the linearly parameterizable uncertainties. Because the parameters in the structured uncertainties are unknown bounded constants, an adaptive control technique is introduced to obtain estimates of the unknown constants, and the adaptive laws are derived as well. The unstructured uncertainties are characterized by the bounding function of the system states and the time in Euclidean Vector Norm in R m , and no further information about the uncertainties is available. A robust control law with learning ability is developed to address the control issue with the unstructured uncertainties in this paper. The proposed control law is fully distributed because each agent has access to the local relative measurements from its neighbors, which can save communication resources in comparison with a centralized controller.
Another issue in the formation control of uncertain multiagent systems is that the sign of control (direction) gain may not be known or obtained in advance, which is rarely considered in most existing formation control approaches [25] - [28] , while in many practical applications, the signs of the control coefficient may be unknown. To achieve the control objective, the control direction analysis is carefully considered under the disturbance environments because it may make the multiagent systems become unstable. To derive a robust controller for uncertain multiagent systems in the presence of an unknown control direction, the Nussbaum gain function is commonly employed, in which the sign of the control direction can be determined and to enhance the control system performance. The existing results on the control problem for a single uncertain nonlinear system in the presence of unknown signs of control directions have been widely reported. In [29] , the authors proposed an asymptotic tracking control protocol for uncertain switched nonlinear systems, compared with the existing results, this protocol not only can accomplish bounded error tracking performance, but also can guarantee the local asymptotic tracking performance for the switched nonlinear systems. An adaptive controller for an uncertain SISO non-affine system is proposed in [30] , in which no information with respect to the sign of the control gain is required. Using the Nussbaum function composed of the switching and ultimately functions, the sign of the control direction can be determined by the switching function. An observer-based fuzzy adaptive control algorithm for uncertain SISO nonlinear systems in the presence of an unknown control direction has been presented in [31] , in which the nonlinearities can be approximated by utilizing the adaptive control scheme, and the immeasurable states can be estimated by employing the nonlinear observer. The adaptive neural backstepping control problems for nonsmooth nonlinear systems are investigated in [32] . More recently, the trajectory tracking control is considered in [33] for nonstrict-feedback nonlinear systems in the presence of actuator faults, in which the knowledge of control gains and actuator faults are not required in the proposed fault-tolerant controller. The out-constrained consensus control problem of multiagent systems in the presence of partially unknown control directions are investigated in [34] . The piecewise Nussbaum-type function is employed to overcome the partially non-identical unknown control directions, and the consensus problem is solved in [35] . The distributed consensus problem of both continuous-time and discrete-time dynamic multiagent systems was investigated in [36] . In [37] , the authors proposed the distributed eventtriggered fixed-time consensus strategies for multiagent systems in the presence of nonlinear dynamics and external uncertain disturbances. In [38] , a similar control problem is also considered, where the constraints of input delay and uncertain disturbances are imposed on the multiagent systems. Compared with consensus control, formation control is more challenging because the specified formation structure is required to maintain. In [22] , the authors presented a general method to design convergent coordination control strategies for multiagent systems subject to nonholonomic and velocity saturation constraints. However, structured and unstructured uncertainties are not considered in that paper. In [39] , the distributed formation tracking problem for a group of mobile robots in the presence of unknown slippage effects was investigated. The adaptive tracking control problem for switched nonlinear systems in nonstrict-feedback form in the presence of uncertain actuator backlash was addressed in [40] . The stability and tracking control problem for a flying robot vehicle with modeling errors and disturbance uncertainties was investigated, and an adaptive control technique was introduced to learn and compensate for the modeling error and external disturbance uncertainties. However, the unstructured disturbances are not considered in this paper. Unstructured (or mismatched) disturbances were considered in [41] . In [23] , the authors proposed a novel control strategy using relative the distance and orientation of multiagent systems with modeling errors and external disturbances, and an undirected graph is considered for a team of agents, which may yield more communication resources. A distributed robust timevarying formation control scheme for multiple underwater vehicles in the presence of nonlinearities and uncertainties is proposed in [42] , and the control direction is assumed to be known. In [43] , the time-varying formation robust tracking problems for multiagent systems in the presence of parameter uncertainties and disturbances are studied, by using the adaptive updating scheme, no global knowledge about the information interaction topology and upper bounds of the parameter uncertainties, disturbances, and unknown input of the leader are not required in the proposed control protocol. In addition, the feasible conditions for the followers to achieve the specified time-varying formation tracking are presented. As stated above, achieving formation control for multiagent systems with external disturbances and unknown signs of control directions requires further study.
Motivated by the above facts and discussions, in this paper, the robust adaptive formation control laws are proposed for uncertain nonlinear multiagent systems in the presence of unknown control directions and structured and unstructured disturbances. As mentioned, a Nussbaum-type function is used to handle the issue in the presence of an unknown control direction. An adaptive control law is applied to handle the unknown bounded structured disturbances, which does not depend on a priori known upper bound of the parameter in the structured disturbances, and the bound can be obtained. A robust saturation-type controller is developed to deal with the unstructured disturbances, which only relies on the bounding functions for unstructured disturbances. As a result, the proposed control algorithms can be employed to many practical control problems. To illustrate the advantages of the proposed controllers, the main contributions of this paper are summarized as follows. a) Compared with the existing formation control approaches, the proposed control laws do not depend on a known upper bound of structured disturbances (or uncertainties) and have an implicit learning ability and less stringent requirements, which can greatly enhance the system performance, i.e., the bound of the structured disturbances (or uncertainties) can be efficiently estimated, and no chattering effect occurs under the action of the proposed control laws (see Theorem 1). b) When compared with the undirected interaction topology, the directed interaction topology is investigated, and the resulting Laplacian matrix is asymmetrical, which makes the problem become complex in the design and analysis. In comparison with undirected interaction topology, the directed information interaction topology for agents is more challenging and practical because such a topology can reduce the communication and resources employed in the directed edges. while the undirected interaction topology is considered in [23] , [44] . c) The unknown control direction is considered in the proposed robust adaptive formation controller (see Theorem 2), which was not considered in [25] , [41] , or [42] because the signs of the control directions may not be obtained in many practical applications. To overcome this issue, the unknown control direction can be determined by using the Nussbaum technique. As a result, the parameter adaptive errors and the formation errors can be driven to the small neighborhood of some arbitrary small positive constants under the proposed robust adaptive formation control laws, which implies that the errors are locally uniformly ultimately bounded (LUUB), and leads the multiagent system is stable, then the control objective is achieved.
The remaining paper is organized as follows. In Section II, some important definitions and associated matrices on the directed graph are presented. The problem statement and the control objective are described in Section III. In Section IV, the distributed robust adaptive formation control algorithms and their analyses for uncertain nonlinear multiagent systems with an unknown control direction and disturbances are given. Numerical simulation results are presented to support the theoretical results in Section V. The concluding remarks are given in Section VI.
The following important notations are used in this paper. R denotes real number; R + denotes positive real number; R n and R n×n are positive real n-dimensional vectors and n×n matrix spaces, respectively. I n denotes the n×n matrix, 1 n is a vector in which each entry is 1; and X ⊗Y represents the Kronecker product of any given matrices X and Y .
II. BACKGROUND AND PRELIMINARIES
LetG = {V , E, A} represent a directed graph, where V is a set of nodes, E ⊆ V × V is a set of edges, and self-loop (i, i) / ∈ E for any i ∈ V , is not considered; and A = [a ij ] ∈ R n×n is the weighted adjacency matrix with each component a ij being some nonnegative constant, i.e., each entry a ij is defined as a ij > 0 if (i, j) ∈ E, and a ij = 0, otherwise. A directed graph of G is called if any two nodes i and j can be connected through a directed path. A neighbor set of each node i is defined as
The Laplacian matrix L possesses the following properties [46] , [47] :
1) L1 n = 0, i.e., 1 n is a right eigenvector and its eigenvalue is 0.
2
being real parts of eigenvalues excepting for the trivial eigenvalues.
Considering a valid Lyapunov candidate V (x), the time derivative of V (x) has the following propertẏ
where γ (·) ∈ R + is supposed to be a class of K function, and ψ(x, t) ∈ R + is a locally uniformly bounded function, without a loss of generality. Let χ(||x||, t) ∈ R + be, for all x ∈ R n and t ∈ R + , a continuously differentiable function satisfying the following condition
Remark 1 [34] : One can conclude that the origin is an equilibrium point for any given V (x) if and only if χ(||x||, t) = 0 or ψ(x, t) is also a class of K function; if χ(0) > 0 = γ (0), the origin is not an equilibrium point, i.e., the equilibrium in this case will be changed. Therefore, to guarantee stability from inequality (1), the function χ(||x||, t) is dominated by γ (||x||, t) for ||x|| in a certain interval ||x|| > with being some arbitrary constant, i.e., we assume further ||χ(||x||, t)|| ∞ = . The following domination condition is considered as
With the above results in hand, we have the following important theorems.
Lemma 1 [41] : If there exists a continuous function V (x) with the following important property:
for any bounded set and all (x, t) ∈ R n × R + , and the derivative ofV
where γ 1 (·) and γ 2 (·) are class K ∞ functions, γ 3 (·) is a class of K function, and c 3 is some positive constant. If follows from (2.4) and (2.5) that the system is uniformly ultimately bounded.
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Definition 1 [48] , [49] : A continuous Nussbaum function N(χ) is called if the following condition
is held. The Nussbaum type function N (χ) used in this paper will be presented in the Simulation section. Lemma 2 [35] : If the smooth function V (t) ∈ R + satisfies the following condition
with ε and k being positive constants, then V (t), χ (t), and t 0 N (χ)χ dτ must be bounded.
III. PROBLEM FORMULATION
Consider the second-order uncertain multiagent systems characterized bẏ
where
∈ R n denote the position and velocity states of the ith agent, respectively;
∈ R n is the control input; f i (·) ∈ R n is the continuously differentiable vector-valued function; f i (·) ∈ R n is the modeling error, which is also the continuously differentiable function; w i (t) is the external time-varying disturbance, which depends on the time; and b i will be specified later.
The reference trajectory for a team of agents is given aṡ
∈ R n denote the position and velocity states, respectively.
To devise a distributed robust controller, the following definitions are adopted.
Assumption 1: The smooth functions f r (q r (t), p r (t)) are known, and there exist positive constants k r1 and k r2 satisfying the following condition, i.e., |q r (t)| ≤ k r1 and |p r (t)| ≤ k r2 , without a loss of any generality and for brevity.
Definition 2 [50] : The smooth functions f i (q i (t), p i (t)) are structured uncertainties characterized by
where γ i (q i , p i ) are smooth bounding functions, and θ i (t) is a vector of constant or time-varying parameters satisfying
If θ i (t) is an unknown constant, then the uncertainty is said to be linearly parameterizable; otherwise, the uncertainty is said to be nonlinearly parameterizable. The former case is only considered in this paper.
Definition 3 [41] : The smooth function w i (t) is unstructured uncertainty and bounded as
where η i is a bounded constant, and ϕ i (q i , p i , t) is an unknown bounded smooth function. It is assumed that each follower agent i only has access to the information of the bounding function ϕ i (q i , p i , t), which is employed to design the robust controller. This design leads to compensation for the uncertainty. Note that ϕ i (q i , p i , t) is not necessarily known, but it is bounded, without a loss of generality. The control objective in this paper is to design feasible robust adaptive controllers such that the uncertain nonlinear multiagent system (7) with nonlinearities satisfies the following conditions: 1) achieve and maintain the desired formation, and 2) the followers follow the reference trajectory with the same velocity under any bounded initial conditions. That is,
and
∈ R n are constant vectors, which are used to represent the desired relative positions between agents i and j and the leader.
To continue the following analysis, define the relative parameter errors as
In view of (7) and (8), we havė
T , µ ir = 1 if follower agent i has direct access to the information from the leader, and µ ir = 0, otherwise. Note that φ i (t) is a known function. Equation (14) is referred to as the error dynamics, which can be expressed as
IV. DESIGN AND ANALYSIS OF FORMATION CONTROL
In this section, we investigate the design and analysis of formation control. The formation error variables of relative positions and velocities are defined as
where k qi and k pi are positive constants, m ij is the entry taken from the adjacency matrix M defined above, and γ ir is the directed weight between the leader and agent i. Using the above results, the formation control is devised as
where k i is positive constant for i = 1, 2, . . . , n; and u if and u iρ denote the formation control part and the robust control part with respect to the modeling errors, the unknown control direction and so on, respectively. The robustness of the designed controller is manifested by the robust control part. Because the controller only relies on the states of agent i and its neighbors, the proposed controller is distributed. Note that the robust control part is required to elaborate in the following formation control design and analysis. According to (14) and (17), the formation error dynamics can be derived aṡ
To simplify the analysis, Equation (18) (19) where K = diag{k 1 , k 2 , . . . , k n }.
A. KNOWN CONTROL DIRECTION CASE
In this subsection, we investigate the design and analysis of formation control for uncertain nonlinear multiagent systems in the presence of nonlinearities, where the control direction b i is assumed to be known, and the information about b i is directly employed. (20) whereθ (t) is estimate of θ , with
where ip and a ip are control design parameters, and 1 is a positive constant. Clearly, the equilibrium value of (21) 
Note that the convergence rate is determined by a ip , therefore, to obtain the desired system performance, we can choose 1 and a ip appropriately.
To facilitate the analysis, we have the following useful Lemma.
Lemma 3: There exist constants k θ , θ , and θ c , and the following result is obtained.
Proof: The proof is straightforward. Using Young's inequality, i.e., xy ≤ 1/2 (x 2 + y 2 ), for any x ∈ R and y ∈ R, we have 1 2
which completes the proof. Theorem 1: Consider the uncertain nonlinear multiagent system (7) with bounded modeling errors and external timevarying disturbances. For any given reference trajectory, the multiagent system (7) is globally uniformly asymptotically stable, that is, the desired formation control can be achieved and maintained under the proposed robust controller, which will be derived as follows.
Proof: consider the Lyapunov function candidate
where = T is a positive diagonal matrix,θ is estimate of θ , where θ = [θ T 1 , θ T 2 , . . . , θ T n ] T , and = T θ is a positive constant matrix. Equation (23) is a continuously differentiable function.
Taking the first time derivative of V 1 (t) along the trajectory of the error dynamics system (19), we obtaiṅ 
where η is a known constant, and ϕ i (q i , p i , t) is the bounding function in this subsection.
It follows that Q is a semi-negative definite because L is a Laplacian matrix and is a positive diagonal matrix, which implies that Q is Hurwitz, i.e., all eigenvalues of Q are nonpositive constants. To continue the following analysis, the parameter adaptation law is chosen aṡ
By lemma 2, substituting (20), (22) and (25) into (24) yieldṡ
According to the eigenvalues of Q, one getṡ (27) where
Introducing the positive function χ (t), Equation (27) is rewritten asV
Integrating (28) (20) has an implicit learning ability because the control is composed of the nonlinearities and dynamic defined in (21) . To compare with most existing results, which can greatly improve the performance of the uncertain nonlinear multiagent systems, more detailed information can be found in the references [3] , [24] , [26] cited in this paper. Moreover, using the exponential attraction region and error dynamics (19), we have lim t→∞ t+ t t u iρ + w(t) dτ = 0 for any given small constant t, which means that the proposed controller u ip converges to -w(t), almost everywhere in the limit. Furthermore, the implicit ratio in (22) 
B. UNKNOWN CONTROL DIRECTION CASE
In this subsection, we investigate the design and analysis of formation control for uncertain nonlinear multiagent systems subject to an unknown control direction b i ∈ R -{0} for i = 1, . . . , n and external time-varying nonlinearities. The proposed robust controller in Subsection 4.1 is not valid due to the unknown control gain. To deal with the additional issue caused by the unknown control direction, a Nussbaum gain function is employed.
Consider the Lyapunov function candidate
The time derivative of V 2 (t) iṡ
Because the control parameter is unknown, the control law depends on a Nussbaum-type function chosen as 
e q e p (32)
Substituting (31) and (32) into (30) yieldṡ
By simply adding and subtracting the term in (32) on the right hand side of (33), one obtainṡ
Similar to (24) , the parameter adaptive laws are chosen aṡ
with θ uc , ϑ uc , ϑ θ 1 , and ϑ η1 being some constants. Substituting (35) 
According to Lemma 2, the following useful inequalities are obtained
To simplify the analysis, without a loss of generality, the following results are directly applied [26] , i.e., |y| − y tanh
Using the above inequalities, we obtaiṅ
For illustration purposes, Equation (37) can be rewritten aṡ
With the above results at hand, we are now prepared to state the main results of this subsection as follows.
Theorem 2: For the uncertain nonlinear multiagent system (7), each follower agent can track the reference trajectory (8) and the relative positions converge to the associated relative positions and velocities with a desired accuracy under the proposed robust controller (31) and parameter adaptation laws (35) .
Proof: Multiplying (38) The relative system parameters e(t) can be made arbitrarily small by choosing the parameters α 2 , β 2 , and c 2 appropriately, which implies that the relative positions and velocities can converge to the associated specified positions and velocities (or reference velocities) as time evolves. Therefore, the desired formation is achieved and maintained in the presence of nonlinearities. This completes the proof.
V. SIMULATION EXAMPLES
To illustrate the obtained theoretical results in the previous sections, the simulation results of two illustrative examples are provided in this section. Consider the following uncertain nonlinear multiagent system model , without a loss of generality and for brevity. The specified formation is an equilateral octagon with side length equal to 2 centimeters, for the sake of simplicity, and its pattern is characterized by
The control objective is to steer the uncertain nonlinear multiagent system with the known and unknown control direction in the presence of nonlinearities while tracking the reference trajectory under the proposed robust controllers and to achieve and maintain the desired formation pattern. The results are verified by the following two illustrative examples.
The neighboring set for a team of agents is {0}, {0, 1}, {1, 2}, {2, 3}, {2, 3},  {2, 5}, {2, 
The simulation results are illustrated in Figs. 2 -9. Fig. 2 , which shows the formation trajectory of eight agents, indicates that the specified formation is achieved and maintained successfully in the presence of modeling errors and external time-varying disturbances. Fig. 3 , which depicts the velocity errors between the follower agents and the reference velocity, implies that the velocities of the agents converge to the reference velocity as time evolves. The actual distance error of uncertain nonlinear multiagent formation is shown in Fig. 4 , which shows that the distance error approaches zero. The parameter estimation errors and adaptation laws are illustrated in Fig. 5 and 6 , respectively. The robust control inputs for agents are further shown in Fig. 7 . The formation trajectory of eight agents is shown in Fig. 8 , where the robust controllers are not applied to the 3rd and 4th agents, which clearly suggests that the desired formation is not achieved and the distance error of the formation cannot converge to zero, which is further shown in Fig. 9 .
B. EXAMPLE 2. UKNOWN CONTROL DIRECTION CASE
In this example, the reference trajectory is given aṡ q 0 (t) = p 0 (t) Fig. 10 shows the formation trajectories for a team of eight agents. The specified formation is successfully achieved without using any information about the control direction. The velocity errors of multiagent formation are shown in Fig. 11 , which shows that the velocity errors can converge to zero. The actual distance errors between the agents can converge to zero as well, which is depicted in Fig. 12 . The parameter estimation errors and adaptation laws are plotted in Figs. 13 and 14 , respectively. Furthermore, robust control inputs for the agents are shown in Fig. 15 . Finally, the curves of the Nussbaum function and its arguments are shown in Figs. 16 and 17 , respectively.
VI. CONCLUSION
The formation control problem of uncertain multiagent systems in the presence of time-varying unknown disturbance control gains has been investigated under the condition that only the leader has access to information about the reference trajectory. To attenuate the effect caused by the disturbances, compensating functions have been defined. To handle the formation control problem of an unknown control direction, the Nussbaum function is employed. The stability analysis of the system is investigated based on the Lyapunov stability theory. Two simulation examples are provided to demonstrate the effectiveness of the proposed robust controllers. According to this result, it would be interesting to investigate distributed time-varying formation tracking problems for uncertain nonlinear multiagent systems under the fixed and switching directed information interaction topologies. Another future research direction is to study finite-time formation control of smooth and non-smooth nonlinear multiagent systems in the presence of actuator faults. These will be research topics of the future works.
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